Abstract The purpose of the research conducted is to describe the consequences of variation in the welding industry and the effect it has on manufacturing productivity. The potential has shown to be hidden in unnecessarily stringent requirements and over-processing. This has been studied in steps: customer requirements, design and analysis, preparation, welding, and assessment. The effect of variation in each step has been analyzed including estimations of its productivity improvement potential. Theoretically, in a perfect situation, with customized requirements and eliminated variation, more than half of all welding could be removed. Such a reduction is certainly neither practical nor possible. However, a sensible, controlled reduction could still have a very high impact. The financial implications are therefore substantial. The improved productivity of the manufacturing resources could be used for business development and increased production. To be able to realize the potential, interdisciplinary efforts are necessary. Management across different functions need to agree on the intended product life and make decisions thereafter.
Introduction
The objective of this research is to highlight the consequences of variation in the welding industry and the effect it has on manufacturing cost. The research conducted relates to gas metal arc welded structures with a majority of fillet welds with a throat thickness of at least 5 mm. Variation is present in each process step, and in total the accumulated variation has a vast influence on the total manufacturing cost. The cost potential can be found in unnecessarily stringent requirements and over-processing.
The variation of weld quality definitions are symptomatic for the welding process. Traditionally, weld quality is a relative measure on a better-or-worse scale based on the visual weld appearance, to a large extent lacking clear definitions [1] . This in itself induces uncertainty in design, welding, and quality control, creating unnecessary costs [2] . Important properties connected to the fatigue life of the weld do not translate well into specifications on the drawing, giving a weak link between design and production [3] [4] [5] . Quality control and audits focus on the characteristics that can be measured instead of what is important from a fatigue life perspective. This creates a situation where the properties and defects inspected might not be the most important with respect to fatigue life [6] .
Depending on how the company is organized, there is a risk that people work in silos, focusing on and optimizing their own area, not the entire process. The research by Koufteros et al. [7] demonstrates that the effects of product development strategies on performance are facilitated by manufacturing processes. It acknowledges the fallacy of considering the impact of product development as simply direct and straightforward without the installation of manufacturing activities proportionate to the demands of product development strategies [7] . The consequences are that entities in the organization set off towards different goals, resulting in increased cost. ElMaraghy and AlGeddawy [8] state that changes of both products and the corresponding manufacturing capabilities are strongly associated and that their design and structure should be integrated.
There are common models for calculating welding cost [9, 10] . The occurrence of variation and its effect on the process is, however, not commonly addressed in those models. The focus is rather on mean values or on reaching a minimum value according to the specification. The consequences are that resources are spent on measuring irrelevant properties, thereby losing the opportunity to get the right information necessary for making real improvements. That leads to problems describing the consequences to the various actors in the system because of a lacking common language. Hammersberg and Olsson [11] share the idea of the importance of a common language to address the right issues, exemplified in nondestructive testing of welds. This paper will highlight the significant potential of cost reduction by using typical cases from the welding industry. The academic contribution is added knowledge concerning the cost of variation applicable to the interface between engineering, production, and management. The insights can be used to improve industrial practice and support sound decision-making in the area of welding.
Background
The research described in this paper has been conducted in the intersections between several areas related to welding, e.g., design and production.
Welding of fatigue-loaded structures
It is not necessarily the amount of welding that determines the life properties of fatigue-loaded structures. Instead, the welds should admit as smooth a stress flow as possible in the structures. High stresses occur at the welded joints with local stress concentrations at the weld toe or at the weld root. This means that there is a significant potential of improved fatigue properties by local improvements. Cost reduction by relieved requirements outside the critical areas is also possible. The key to this enhancement is to adapt the welding procedures to the load conditions [12] . Nykänen et al. [13] express that the ultimate goal is to produce welds of suitable strength at a reasonable cost. Åstrand [12] shares this idea and has proposed several ways to achieve this. First of all, it is necessary to connect the definition of weld quality with the load cases. A weld with excellent properties for one purpose can have inappropriate properties for another. A weld with proper strength for all load cases will become expensive and not as good as a weld that is produced to offer excellent properties for one specific load condition [12] .
Definition of weld quality
Welds are often the weakest area of many complex loadcarrying structures, and the weld quality directly affects the integrity of the structure [13] . It is not obvious how to characterize the parameters that affect the fatigue life integrity of the structure. Björk et al. [1] point out that weld quality, like quality in general, is often assessed by comparisons on a better-or-worse scale. This may work when to choose between alternatives, but to determine weld quality on a single product or a single weld is much more challenging. The reason is that true and unambiguous definitions of weld quality must be established and agreed on, which is not the case. The traditional welding procedures and acceptance limits for a weld have evolved mainly based on the weld quality expected from a skilled welder [14] . This is considered as good workmanship, and the focus is on easily observed, physical characteristics of the weld, rather than the real effects on structural integrity [6] . In an evaluation of six international and national standards of weld quality criteria, it could be concluded that the requirements, in general, are based on workmanship rather than fatigue properties. One standard applies to fitness for purpose, but it is used for nuclear power plants and is not widespread [15] .
The biggest problem relates to the fact that a good-looking weld often is a good weld, and a weld with a poor appearance may or may not be a poor weld [16] . In some load cases, when the weld root is critical, a weld with a rough visual appearance according to the traditional judgment is most likely better than a weld with a perfect appearance [12] .
Variation
According to Wheeler, variation can be considered as a random and miscellaneous component that undermines simple and limited comparisons [17] . Variation is a change in the output or result of a process. All manufacturing and measurement processes contain variation between people, equipment, processes, and products.
There are two types of variation depending on whether the causes are common or assignable. Assignable causes can often be identified while common causes are numerous and difficult to identify individually. A stable process only contains common variation and is therefore predictable, meaning that the average process value is constant and the variability is controlled. An unstable process is unpredictable and contains one or a few assignable causes of variation. Either the process average or the process variation changes, or both. Depending on wether the process is stable or unstable, different improvement actions are suitable. In an unstable process, the assignable causes can be identified and need to be eliminated. In a stable process, however, it is often not possible to make improvements by removing sources of variation. Instead, a change in the process structure is needed. According to Bergman and Klefsjö [18] , we too often act on random phenomena and thereby cause even greater variation. Since the actions needed differ between the two types, it is necessary to be able to distinguish whether the process is stable or unstable. Plotting the data in a control chart will assist in deciding whether the process is stable or not.
In welding, there are several examples where one adapts to the worst case without considering the variation, e.g., defining a minimum throat thickness. This leads to an incentive to over-process since the production tries to get the resulting output above the limit without taking the variation into account. Figure 1 shows an example of two processes, one of which has reduced variation due to improvement work. By reducing the variation, the difference between mean and tolerance limits has decreased, resulting in a corresponding reduction of over-processing.
Welding cost
There are several welding cost models available from, e.g., Stenbacka, Weman, and Masmoudi et al. [9, 10, 19] . The welding cost is based on the time it takes to produce the parts and the hourly cost. A major difference compared to, e.g., assembly, is that there are relatively simple formulas available to calculate the cost of welding. The common way to estimate the welding cost relates to the following factors, which are considered to be the most important: The cost of welding consumables should be added to the cost. Most other costs like, e.g., shielding gas, electricity, and operator costs, are included in the machine cost.
The case company
The studies referred to in this paper have mainly been carried out at a multinational corporation in the construction equipment segment. The studies were conducted with regards to the welding of the load-carrying structures.
Research methodology
The different studies have been of a both quantitative and qualitative character, depending on the intended purpose. The research method used in each study is described in Table 1 .
Analysis of variation in the entire value stream
The sources of variation in the fabrication of welded structures are extensive. Small variations are accumulated during the process, creating large safety margins and over-processing, as illustrated in Fig. 2 .
The design under consideration is based on a load-strength model, with the principle of having few failures. The uncertainties in these curves are considerable. In design and analysis, the result could be affected by how the mesh is done. The allowed stress levels from the analysis are typically based on historical data of weld samples with "normal" quality, which in reality is unknown since the definitions are missing [25] . The structure is already affected by the variation, even before it has become a physical product. Each step in the process adds variation. Fig. 1 If the process variation is reduced, the mean value gets closer to the tolerance limit, reducing over-processing Customer requirements Undiversified products The requirements are set for a structure with a load index of 100 but are also used for a structure with a load index of 67. This results in an expected life, at least, three times longer than needed.
Quantitative product analysis [unpublished]
Design and analysis Too high requirements Reduction of weld metal weight by 28%, without affecting the fatigue strength by softening requirements in areas with low stress.
Quantitative analysis in thesis work [20] Production Preparations
Variation in WPS Five different plants created a WPS for the same weld. The deposition rate varied between as much as 3.8 and 7.5 kg/h.
Quantitative experimental study [unpublished] Production Preparations
Oversized welds 17% extra welding is specified already in the welding preparation, probably more because of the weld shape.
Quantitative and qualitative process case study [21] Production Preparations Extra consumable usage The difference in consumable usage, more than 40% extra between the theoretical and the actual value for robot welding, was identified. Non-technical causes such as information transfer between the functions regarding where to compensate for varying gaps.
Quantitative and qualitative process case study [21] Production Welding
Additional root pass Up to 47% of the investigated sub-assemblies had an extra weld, a root pass, to prevent the robot from burning through due to the wide gaps.
Quantitative process case study [22] Production Welding Over-processing and repairs An over-processing in the range of 40% in the welding robot. 100% extra weld metal weight in the manual welding operations due to over-sized welds, repairs, and compensation for variation in gaps. The average over-processing, measured in weld metal weight, was 48%.
Quantitative process case study [23] Production Assessment Variation in perceived quality A test part was approved according to the standard but was commonly considered as defect. The part had a production cost of only 76% of the commonly accepted ones and would make it possible to produce 19% more in the current welding robot.
Quantitative case study [24] Production Assessment Variation in repairs performed 20 possible defect areas were assessed on a robot welded structure. Welds were accepted by the auditor but would have been repaired by the welder and vice versa.
Quantitative attribute agreement analysis [unpublished] Production Assessment
Variation in quality assessment 43 participants were to evaluate 10 welds and decide if the weld quality was good, acceptable, not acceptable, or not acceptable and in need of repair. Large variations between participants were identified. The closer to the production the appraiser is, the more demanding it is.
Qualitative case study [24] Production Assessment
Variation in quality assessment 16 auditors from 12 factories in 7 countries in the same company evaluated 16 welds to decide if the weld was defect-free or not and how severe any defect was. The result shows that the auditors had severe problems classifying the welds with strong agreement.
Quantitative attribute agreement analysis [24] The variation in thickness of the raw material can serve as an illustration. The thickness variation of plates is initially small but increases when subjected to bending. Variation of bent parts makes it difficult to tack weld the parts, creating a variation in gaps of the weld joint. The method used by the operator to handle this further increases the variation. Some welders try to avoid the gap; others place a root seam of various sizes. The robot is programmed to weld the same amount of material, in the same way, every time. In reality, the robot needs to handle different joints, with small gaps and joints with a root seam of unknown size. The weld result becomes unpredictable, meaning that several types of discontinuities can occur. After robot welding, some welders repair those discontinuities and others do not. Finally, there is inconsistency in the judgments of the welds. Welds that should be accepted are not, and welds that should be rejected are accepted. Table 1 show studies performed at the case company illustrating variation and its consequences in the different process steps. In the following sections, each step of the value stream will be discussed from a variation point of view. The financial consequences of variation will be exemplified.
Customer requirements
The risk of failures of welds relates to the scatter in load, requiring certain strength, among customers and the variation in the strength of the structures produced as shown in Fig. 3 . The difference in customer usage determines the load distribution. The strength distribution is related to the sensitivity of the design and the scatter in the production and welding process.
Where the distribution curves overlap, failures can occur, for example, when customers with tough applications meet products with a low strength. The load distribution is assumed or based on measures at customers. The strength distribution is assumed based on historical data and experiences, since data of failed parts are rare. To test welded structures is typically very expensive and difficult.
Potential related to customer requirements
Uncertainties in customer usage and in product strength make it easy and also necessary to have safety margins to avoid failures. This results in structures that, on average, have a much higher strength than needed. From a quality and financial perspective, it is hard to make any general savings in this step. More information is needed regarding the strength distribution. It is necessary to be aware of the fact that the design is based on the most demanding application. Customization of the structures and focused sales efforts could make it possible to match structures with high strength to customers with demanding applications.
The trends in the industry such as commonality and modularizations are examples that can contribute to unnecessarily stringent requirements in relation to customer needs. The same structures or modules are used in applications with a large scatter in the expected load. As an example, the requirements are set for a structure with a load index of 100. The same welding requirements are used for a structure with a load index of 67. This results in an expected life, at least, three times longer than needed for the structure with a load index of 67 based on the fact that an increase in strength of 25% corresponds to an increased life by a factor of 2 [4] . The commonality creates benefits in the production, but it is worth ensuring that those benefits exceed the added cost for increased strength. At the case company, it can be assumed that the average strength could be reduced by at least 10%, which can be translated to approximately 20% less welding. This relates to the fact that the first 20% of the weld metal in a joint contributes more to the strength than the last 20%. For a fillet weld with a throat thickness of 5 mm, the first 20% gives a weld with a throat thickness of 2.5 mm plus additional penetration. The last 20% only adds 0.5 mm to the throat thickness, corresponding to less than 10% of the fatigue strength according to Olsson et al. [26] .
The potential for further calculations is 20% less welding material needed, considering that requirements are based on heavier applications than necessary.
Design and analysis
According to Hoffenson et al. [27] , designers typically judge how much variation in the product dimensions should be allowed while still maintaining a perception of high quality. This is however rarely based on a quantitative understanding of how consumers actually perceive variation and quality. In the case of welding, the customer requirement of welds is probably secondary; it is the function of the welds the buyer is interested in, that is, to join the parts together. This is stated in the following citations: "A good weld is any weld which does the job it is intended for during the entire life of the structure" [16] and "A good weld is a weld which adequately fulfills all its service requirements" [28] .
The design engineers set the major cost of the structure by determining plate thickness, the number of welds, weld type, need of joint preparation, dimensional requirements, and so on. Johnson and Kirchain [29] exemplify this by a material change, which can alter the available design space, enabling increased performance even across multiple performance criteria (e.g., higher strength, reduced cost, and decreased weight). It can also radically change the set of appropriate manufacturing processes, which alters both the ultimate physical form of the product and the composition and configuration of the supply chain. This, of course, influences the total cost. Wahba [30] estimates the design cost at 5%, but, on the other hand, the design represents 70% of the possibilities to reduce cost. Depending on experience and skills, the designers have different possibilities for utilizing the 70% potential.
The first factor that affects the cost is the possibility to make robust designs, insensitive to variation. This makes it possible to fit the parts together without oversized and/or varied gaps. Oversized or varied gaps in the joint make it difficult to get predictable weld quality by robot welding and require additional attention from the welders, either before or after the robot welding operation. Secondly, the specified weld size is a factor that directly corresponds to the welding time. It is essential to specify the correct throat thickness and to avoid joint preparations [9] .
Potential related to analysis and design
It is not easy to obtain figures on how unsuitable the design solutions are. Closest to the truth is probably to measure the over-processing in production that can be related to design solutions. On larger structures, it is common to use the same weld designation almost everywhere, e.g., all fillet welds have the same throat thickness and weld class. This is very convenient in design and in production, but it also contributes to more welding than necessary. In addition to extra consumables and production time, it also means more heat input leading to more distortions. With more customized throat thickness requirements, the needed welding could be significantly reduced.
A study of a structure at the case company showed that it was possible to reduce the weld metal weight by 28%, without affecting the fatigue strength. This was possible by softening requirements in areas with low stress. The potential saving corresponds to a throat thickness reduction of 1 mm, from 5 to 4 mm, applicable for 78% of the weld length.
The potential for further calculations is 28% less welding due to reduced requirements in low-stress areas.
Production
This section includes the activities conducted after the design has been released until the welded structure is produced and ready for the customer. The activities have been divided into preparation, welding, and assessment.
Preparation
The requirements stated on the drawing need to be translated into production operations. In this section, the consequences of variation in the development of welding procedure specification (WPS), robot programming, and instruction preparation will be highlighted.
In many welding companies, creating a WPS is a part of the preparation process. A WPS specifies material, wire, shielding gas, and other parameters that should be used to achieve the required result. The WPS is qualified, which means that test pieces are produced and tested to see if the described settings will give the desired outcome. This process has several builtin sources of variation.
Firstly, the person creating the initial preliminary WPS chooses to use certain values, based on previous experience and the existing WPS. Another person could choose other values to start with. This has been verified in a research project in which the case company participated. Five different weld shops created a WPS for the same weld. The deposition rate varied between as much as 3.8 and 7.5 kg/h. Secondly, the test samples created in the qualification process also vary.
Finally, the values stated in the WPS have tolerances. That means that the resulting products can be welded with slightly different values, still according to the WPS.
Robot welding is common for industrial use. The robot programmer uses the WPS and compensates for varying gap sizes, and thereby varying welded joint volumes, by making the weld larger. Other requirements affected by variation in the process, like smooth weld toe radius and equal leg length, are commonly handled by adding safety margins, for example, by running the robot with reduced speed. If several persons carry out programming, there is variation in the level of compensation between operators based on experience and feedback from later process steps.
Manual welding operations are often supported by an instruction supplementing the drawing. The instruction can state where to tack weld or complete welds that cannot be finalized in the robot welding operation. Depending on the knowledge of the person making the instructions, they vary in, e.g., number and size of tack welds.
Welding
Welding is a process with a large scatter, and the people in the process add safety margins so as to never fall below the specified value. To simplify the situation, one can say that the plates and the way the weld is applied can vary. Because of plate tolerances and chosen designs, gaps can occur. Three main issues can be identified in case of gap variation.
Firstly, a big gap increases the risk of burn-through in the robot, meaning that the weld collapses and leaks out on the other side. That results in robot downtime, manual repairs, and additional welding. However, a study conducted by Ericson Öberg et al. [22] showed that up to 47% of the investigated sub-assemblies had an extra weld, a root pass. The reason for that was mainly to prevent the robot from burning through due to the wide gap. This added cost and had a strong influence on resource efficiency since the additional operation also added consumables and increased production time. The root pass is not always added, and that variation in itself is costly. This creates an imbalance in the production line, causing longer operation times or production interruptions.
Secondly, the risk of weld defects increases. Because of the shape of the weld, solidification cracks, also known as hotcracks, can occur. In a deep, narrow joint, impurities can be trapped in the middle of the weld, which can break under the influence of shrinkage stresses [10] . If a root pass is made manually to compensate for the different gaps, the operation adds variation, e.g., the size of penetration depth. The variation in root pass execution also creates changing conditions for the welding robot, affecting the result and the need of repairs and other manual operations afterward.
Finally, the gap size affects the resulting throat thickness, and the organization tries to compensate to reach the required size. There is a belief that a larger weld would be stronger; this is, however, untrue according to Cozens [31] . The consequences are increased welding consumable usage and longer operation time.
Assessment
Quality assessments of welds are carried out continuously during the production by the welder as well as afterward by auditors.
At the case company, the parts are sent to final welding after the robot welding. In this production step, operations are done that cannot be performed earlier in the value stream. There are mainly three types; attachments are added, small welds are performed, and defects are repaired. Weld start/stop, corners, undercuts, and weld toe radius are the most commonly repaired at the case company. In the case described, many repairs are done by routine rather than by the actual need. The welder wants to be on the safe side, preferably repairing too much than the opposite.
To evaluate how the need of repairs was perceived by the final welders, a test was performed. Possible defect areas, 20 in total, were located on a structure which had been welded by a robot. Ten experienced welders who work with these products daily were asked if they would make a repair or not. They looked at the welds in random order, and then the procedure was repeated again after 1 h. A professional auditor then made an evaluation of the welds according to the requirements and gave a professional judgment. In total, 400 answers were collected.
The repeatability of the individual welders' answers was 94%, varying between 100 and 85%. Seventy-five percent of the welds were accepted by the auditor, but the welders would have repaired 62% of those. Twenty-five percent were not accepted and should be repaired according to the auditor. The accuracy among the welders was 85%, but this means there are defective welds not being repaired.
When the final welder decides on action, the cost is strongly influenced. As the investigation showed, two thirds of all decisions about repairs were unnecessary. The potential of productivity improvements is great. On the other hand, almost one fifth of the necessary repairs were missed. If that leads to a breakdown, the cost is very high. By removing two thirds of the repairs, the risk of missed repairs increases. The variation in judgment also influences the workload and balancing of the production flow. If the operations are set up according to the worst-case scenario, waste in the form of, for instance, waiting, inventory, and transports, is introduced in the system. The problem is again the variation.
The variation in assessment creates an incentive for the organization to over-process. A test part at the case company was OK according to the standard but was commonly considered as defect. It was welded at a 30% higher welding speed, giving a production cost of only 76% of the commonly accepted sample. A change in the welding process would also make it possible to produce 19% more in the current welding robot.
Another investigation, described by Ericson Öberg and Åstrand [24] , indicates similar results. The 43 participants in the inquiry were divided into four categories depending on their profession and experience in welding: designers, welders, quality staff, and customers. The category "customers" was represented by people working with final inspection of the assembled machine. The participants were to evaluate ten welds and decide if the weld quality was good, acceptable, not acceptable, or not acceptable and in need of repair.
The result showed a vast variation in judgment between the participants, both between and within the categories. The answers covered the whole range of judgment selections for most samples. The investigation indicates that the closer to the fabrication the appraiser is, the more demanding it is. The customer representatives, as well as the designers, were more satisfied with the quality than the welders.
A certain percentage of the parts produced at the case company is assessed by auditors. The part is 100% evaluated according to the requirements. An investigation reported by Ericson Öberg and Åstrand [24] indicates that there is a variation also in the auditors' judgments. Sixteen auditors from 12 factories in 7 countries in the same company evaluated 16 welds. For each weld, the auditor was to decide if the weld was defect-free or not and how severe any defect was (four levels). All auditors evaluated the same weld three times resulting in a total of 11,520 answers. The result shows tiny values of Kendall's coefficient of concordance, 0.42, meaning that the auditors had severe problems classifying the welds with strong agreement [24] .
There is also a risk that measurement system analysis is not performed at all for the evaluation methods used. That means that the organization is unaware of the variation caused by the measurement system itself. The organization, therefore, reacts on measurement noise as if it were a real change in the process, inducing more variation.
The variation in audit assessment also introduces overprocessing into the process. If there is a deviation reported from the audit, the production staff try to compensate. If the variation in assessment creates a false incentive to change, over-processing is created.
Finally, there is also a risk that single measurements or evaluations, with a significant variation, are improperly used for controlling the process. The dimension of natural variation gets lost, and the organization might overreact to common causes, all in vain.
Potential related to production
The additional weld volume generates a corresponding cost increase in the form of additional consumables and production time. In the case company, a WPS for a 5-mm fillet weld created welds with a throat thickness of 5.4 mm. This means that 17% extra welding is specified already in the welding preparation. That figure is probably higher caused by a concave or convex shape [21] .
A study conducted by Ericson Öberg et al. [21] showed a significant difference in consumable usage, more than 40% extra between the theoretical and the actual value for robot welding. The causes of the difference had mostly nontechnical characteristics, like information transfer between the functions regarding whether the compensation for varying gaps should be made in the WPS or in the robot. The overprocessing in the range of 40% in the robot could be verified in a related study. An even more remarkable result in the study was the amount of extra weld metal weight in the manual welding operations, which was over 100%. This relates to over-sized welds, repairs, and compensation for variation in gaps, which ideally should not be needed. Considering manual and robot welding, the average over-processing, measured in weld metal weight, was 48%.
Over-processing with too much welding is a hidden waste in production; it is not noticed since it is natural to believe that value is added during welding. Also, the welder believes that he or she adds value to the product. The problem is, however, who takes the cost of doing things better than good enough? If neither the producer nor the customer is willing to pay, the over-processing is a waste.
The potential for further calculations is 32% less welding due to reduced over-processing.
Analysis of results
The identified saving potential relates to reduced variation in several steps. Customer needs could be differentiated to avoid that all structures would have to meet the requirements for the toughest application, especially when the same structures and welding requirements are utilized for modules or applications with a significant difference in intended load capacity. This gives a general load reduction that can reduce the level of requirements.
In design and analysis, the potential is not in introducing a general reduction. Instead, the potential can be found in the reduction of weld size and weld quality level outside the critical high-stress areas of the structures. The requirements on long welds can be differentiated to avoid that a particular spot sets the constraint for the entire length.
In production, the potential can be found in the reduction of variation and over-processing. In a perfect situation, the production is controlled towards the nominal value and the variation is handled by the allowed tolerances in the weld quality standards.
The potential is shown in Fig. 4 . Theoretically, more than half of all welding could be removed by reducing overprocessing and improving requirement settings.
Considering the arc-on factors of manual and robot welding at the case company, the weld metal weight reduction could give a total time decrease in the production of approximately 30% (based on Formula 1). The time reduction could also increase the production capacity with the existing setup by 43%.
Wahba [30] has presented a cost distribution of a product between design, material, burden, and labor, based on the assumption that the welding cost could affect the direct labor cost and half of the burden cost. These parts represent 30% of the total cost of a manufactured part. If the labor cost could be reduced aligned to a time saving of 30%, the total cost reduction potential of a welded structure is around 9%. Additional cost savings can be made by the reduction of welding consumables and a decrease of the burden cost due to increased productivity, at least by 1%. In total, the cost reduction potential of welded structures is more than 10% for adopted requirements and reduced over-welding.
Discussion
The studies conducted clearly show the existence of variation in each process step and the financial influence of it. It is also clear that the issues have cross-functional characteristics, meaning that the possibilities to address them in each function are limited. The overall picture gets lost when processes are handled as individuals with limited connection to each other, and thereby many opportunities are lost. The studies also indicate that the variation concept is not generally handled at the plants. It is unknown whether the causes of problems stem from a stable or unstable process. Since the problems require different solutions, this situation leads to faulty decisions, improper actions, and over-processing. This lack of understanding strongly influences the cost.
One main problem is that there is no clear-cut definition of weld quality cost. This creates problems and symptoms that are difficult to give priority to because it is not clear what financial impact they have. Each department/function has its own definition of weld quality and operates by various metrics. Cost is the common denominator, the language everyone understands, which can give incentives for cross-functional initiatives.
The variation in customer usage, even though to some extent unknown, could be handled by offering heavy-duty welded solutions in the same way as additional equipment. Currently, many of the products are over-specified according to their usage, driving costs. By providing flexible weld solutions, the over-welded parts could be reduced in most of the products. On the other hand, there is a mix-up risk, and an increased number of models could also give greater complexity and more work in progress. According to [32] , there is a trade-off between the level of flexibility available in the system and the associated complexity and operating costs. The challenge is to have the "right" level of flexibility to capture Fig. 4 Potential for reduction of weld metal weight in the process of welded structures the benefits from a fully flexible system while controlling the increase in implementation costs. A slight increase in process flexibility can lead to a significant improvement in system performance [32] .
The design expects a distribution around the specified requirement target, e.g., throat thickness. Production, however, strives not to be below the target, creating large, unknown safety margins. The total variation through the entire value stream becomes significant because each step builds on the previous variation.
In production, it can be questioned whether the repairs carried out always make the weld better. Take an undercut at a weld toe with a longitudinal stress direction, parallel to the undercut, as an example. If we repair the local undercut, stress concentrations will be introduced perpendicular to the stress direction at the start and stop of the repair. It is not even sure that the repairs are needed or influence structural integrity at all.
It can be problematic to change the way of working and start to produce exactly according to the drawing. If the process previously has delivered higher quality than required, there is a risk that the design solution is seen as good enough even though the weld would break if executed exactly as in the drawing. That is a consequence of having unknown safety margins, and a reduction should be made in a controlled manner.
There is a risk that audits become an everyday task. Forgetting the purpose is easy. One needs to ask, "How will this assessment help us to improve?" Another important issue is the effect over-processing has on the future development of the company. The additional time spent could instead be used for business development or production of other parts. The uncertainty of the existing safety margins could limit the development. New solutions will not be implemented due to the perceived risk of failures.
The key to improvement is knowledge. As soon as the current state is known and it is evident how much variation each step adds, we can start doing something about it, if necessary. Table 2 defines the main problems, consequences, and possible actions in the different process steps.
One of the main challenges in quality assurance and quality control is to identify what welds will do the job, and what welds will not. For this purpose, a process including quality assurance, drawings, welding standards, design guidelines, design and analyses, and functional requirements of the customer needs is created. This process is illustrated in Fig. 5 . It can be assumed that the customers never want failures of a welded structure, neither does a producer of welded structures. On the other hand, it is problematic to design and produce structures with an eternal life. That would result in weighty and expensive products, which the customers would not like to buy. The producer instead has to create limitations and take a calculated risk of failures. This is done through a certain More welding than needed and reduced legitimacy of the quality assessment.
Reduce weld size and weld quality levels in areas of low stress Production Large variation in preparation, material, work/welding procedures, and assessment Variation issues are solved by adding safety margins in the welding instead of finding the source. Gives large over-processing Identify sources of variation, e.g., by performing MSA. Clarify in which step safety margins should be applied. Reduce sources of variation limitation in cycles, hours, or years. In the design process, these limitations are used to set the welding requirements to meet the needs. In production and quality assurance, these requirements are inspected, often visually. The difficulty in the breakdown of the requirements is to have a high quality in the process to secure that an accepted weld in the quality control is also accepted in the loop back to the customer needs. The black arrows in the figure show examples of potential and common paths. Ideally, these arrows should be straight and not vary between OK (approved according to specification) and NOK (not approved according to specification). If they vary, it is worth considering improving and aligning the process within the dotted square in Fig. 5 . The first step to improve is to find a common, communicated view of the customer need. Management across different functions need to agree on the intended product life and make decisions thereafter.
Conclusions
This paper highlights the hidden potential of reduced manufacturing cost of welded structures through reduced variation and customized requirements. All process steps, customer requirements, design and anlysis, preparation, welding, and assessment all induce variation and thereby cost. Theoretically, in a perfect situation without variation, more than half of all welding could be removed resulting in reduced production time, increased productivity, higher flexibility, and reduced cost. The most important findings are as follows:
& Variation in the different processes, causing stringent requirements and over-processing, strongly influences the cost. & The practical implications described are substantial; in an ideal situation, half of the welding could be removed. & It is possible to achieve a cost reduction around 10% and a production capacity increase with over 40%.
& An interdisciplinary effort is essential to address these issues successfully.
The research conducted relates to gas metal arc welded structures with a majority of fillet welds with a throat thickness of at least 5 mm. Future research could build on this knowledge to investigate whether the result is applicable to other types of welding and manufacturing methods. Future research could also investigate the identified sources of variation and study how they could be reduced. This requires indepth knowledge of all process steps and collaboration between industry and academia. The need of a cross-functional and holistic view necessary to address these issues is a challenge to many organizations due to the organizational structure and history. That makes this a research area with big potential. 
